published DEER study on GDP-bound Ga i1 in the absence of the bg subunit also suggest a minority population with separated domains (23) .
Our simulations suggest that the minority domain-separated population in GDP-bound G proteins arises due to rapid fluctuations between closed and open conformations and that this spontaneous opening plays an essential role in nucleotide exchange. This implies that constraining domain opening would substantially slow basal nucleotide exchange and, in particular, GDP release. To test this prediction, we engineered a G i variant to restrict domain opening. In this construct, the N terminus of the g subunit was fused to a peptide fragment designed to bind the helical domain without impinging on either the nucleotide-binding site or the Ras domain (fig. S16). Binding kinetics measured by fluorescence quenching showed that this helical domain tether slowed basal nucleotide exchange by a factor of 20, under conditions in which GDP release is rate-limiting (Fig. 4B) .
Our nucleotide-release mechanism is consistent with earlier mutagenesis studies. Point mutations to the Ras domain b6-a5 loop (24) accelerate nucleotide exchange in the absence of a receptor substantially more than mutations that weaken contacts between the Ras and helical domains (25) , suggesting that weakening interactions between b6-a5 and the GDP guanine ring facilitates nucleotide release to a greater extent than does increasing domain separation. Mutations to a5 that energetically favor the distal conformation increase both receptor-catalyzed and basal nucleotide-exchange rates, whereas those disfavoring that conformation decrease nucleotideexchange rates (21) (fig. S10D ).
Several caveats are in order. First, because we did not simulate the complete process of receptor-G protein association, we have not determined the sequence of steps by which a receptor couples to a G protein, nor have we addressed the question of whether a G protein might associate with a receptor before receptor activation (26) (27) (28) . Second, although our simulations are orders of magnitude longer than previous atomistic G protein simulations, they still lack sufficient length, and perhaps sufficient accuracy, to reliably determine equilibrium populations of the various conformations. However, our simulations strongly imply the existence of certain conformations and dynamical interchange among them. We cannot rule out the possibility that additional conformational changes to the G protein would manifest themselves on longer time scales. Thus, the GPCR might also induce GDP release, in part through other mechanisms, such as displacement of the b1 strand of Ga (7) . Third, because crystal structures of nucleotide-bound and receptor-bound heterotrimers are not available for the same G protein, our analysis combines data from different G proteins, under the common assumption that their high level of structural homology implies similar functional mechanisms (1, 2) .
Why might heterotrimeric G proteins have evolved to fluctuate spontaneously between open and closed conformations? Tight apposition of the Ras and helical domains appears to be essential for efficient hydrolysis of GTP to GDP (29) . In the closed conformation, the helical domain plays a role similar to that of the GTPase activating proteins (GAPs) required by small G proteins-which contain only a Ras domain-for efficient catalysis (18 
*
We describe a general approach to designing two-dimensional (2D) protein arrays mediated by noncovalent protein-protein interfaces. Protein homo-oligomers are placed into one of the seventeen 2D layer groups, the degrees of freedom of the lattice are sampled to identify configurations with shape-complementary interacting surfaces, and the interaction energy is minimized using sequence design calculations. We used the method to design proteins that self-assemble into layer groups P 3 2 1, P 4 2 1 2, and P 6. Projection maps of micrometer-scale arrays, assembled both in vitro and in vivo, are consistent with the design models and display the target layer group symmetry. Such programmable 2D protein lattices should enable new approaches to structure determination, sensing, and nanomaterial engineering.
P rogrammed self-assembly provides a route to patterning matter at the atomic scale. DNA origami methods (1, 2) have been used to generate a wide variety of ordered structures, but progress in designing protein assemblies has been slower owing to the greater complexity of protein-protein interactions. Biology provides a number of examples of ordered two-dimensional (2D) protein arrays: Bacterial S-layer proteins assemble into SCIENCE sciencemag.org oblique, square, or hexagonal planar symmetry (3); gap-junction plaques, abundant in muscle and heart tissue, display hexagonal planar symmetry (4); and water channels display square planar symmetry (5) . Although proteins that form ordered 3D crystals have been designed (6) and 2D lattices have been generated by genetically fusing or chemically cross-linking oligomers with appropriate point symmetric groups (7-10), there has been little success in designing selfassembling 2D lattices with order sufficient to diffract electrons or x-rays below 15 Å resolution (7) . Naturally occurring 2D arrays and assemblies are stabilized by extensive noncovalent interactions between protein subunits (10, 11) , and this principle has been used to design selfassembling tetrahedral and octahedral cages (12, 13) . We sought to design ordered 2D arrays mediated by designed protein-protein interfaces stabilized by extensive noncovalent interactions. We focused on symmetric arrays, as symmetry reduces the number of distinct protein interfaces required to stabilize the lattice (14, 15) . There are 17 distinct ways (layer groups) in which 3D objects can come together to form periodic 2D layers (16) . In some layer groups, there are only two unique interfaces between identical subunits, in others, three or four (17) . To simplify the design challenge, we focused on the layer groups that involve only two unique interfaces and building blocks with internal point symmetry (which already contain one of the two required interfaces), which leaves only one unique interface to be designed to form the 2D array. Of the 17 layer groups, 11 have two unique interfaces; we focused here on 6 of these 11 groups involving cyclic rather than dihedral point groups because there are considerably more cyclic oligomers than dihedral oligomers in the Protein Data Bank that can serve as building blocks. The six layer groups with two unique interfaces that can be built from cyclic oligomers are P 2 2 1 2 1 (from C2 building blocks), P 3 and P 3 2 1 (from C3 building blocks), P 4 and P 4 2 1 2 (from C4 building blocks), and P 6 (from C6 building blocks). The different groups have different numbers of degrees of freedom describing the placement of an object with cyclic symmetry in the lattice, for example, for P 3 2 1 (Fig. 1A ) and P 4 2 1 2 (Fig. 1F) , there are three degrees of freedom, whereas for P 6 (Fig. 1K) there are only two.
We used symmetric docking in Rosetta (14, 18, 19) to search for placements of cyclic oligomers into each of the six layer groups with shape-complementary (20) interfaces between different oligomer copies. The docking scoring function consisted of a soft sphere model of steric interactions and a simple measure of the designable interface area: the number of interface Cbs within 7 Å. For each cyclic oligomer in each layer group,~20 independent Monte Carlo docking trajectories were carried out that started from placements of six to nine copies of the oligomer with its symmetry axis aligned with the corresponding symmetry axes of the layer group (for example, trimers were placed on the threefold symmetry axes indicated by the triangles in Fig.  1A , tetramers on the fourfold symmetry axes indicated by squares in Fig. 1F , and hexamers on the sixfold symmetry axes indicated by hexagons in Fig. 1K ). In the Monte Carlo docking simulations, the degrees of freedom sampled were those compatible with the layer group [ Fig. 1, A, F, and K (right) ], and hence, the layer group symmetry was preserved throughout the calculations.
We then selected the most shape-complementary (largest number of contacting residues with fewest clashes) solutions from the trajectories and carried out Rosetta sequence design calculations to generate well-packed low-energy interfaces between oligomers. Monte Carlo searches were carried out over all amino acid identities and side-chain rotamer states for residues near the newly formed interface between oligomers, while optimizing the Rosetta all-atom energy of the entire complex (12, 13, 21) . After this sequence design step, the energy was further minimized with respect to the side-chain torsion angles of residues near the interface and the symmetric degrees of freedom of the layer group. Finally, the resulting lattice models were filtered on the basis of the shape-complementarity of the designed interface (>0.5), surface area of the designed interface (>400 Å per monomer), buried unsatisfied hydrogen bonds introduced at the new interface (<4 using a 1.4 Å solvent accessibility probe) (22) , and predicted relative free energy (23) of complex formation (≤10 Rosetta energy units per subunit) (sample Rosetta script files accompany the supplementary material). After further sequence optimization (13, 24) , models passing the filters were manually inspected, and 62 designs were selected for experimental characterization; 16 for P 2 2 1 2 1 , 2 for P 3, 10 for P 3 2 1, 16 for P 4, 3 for P 4 2 1 2, and 15 for P 6.
Synthetic genes were obtained for the 62 designs, and the proteins were expressed in the Escherichia coli cytoplasm by using a standard T7-based expression vector. Of the 62 designs, 43 expressed; of these, 18 had protein in the supernatant after clearing the lysate at 12,000g for 30 min, whereas all 43 had protein in the pellet. To investigate the degree of order in the pelleted material, we examined negatively stained samples by electron microscopy (EM). Regular lattices were observed for four of the designs: One formed only stacked 2D layers ( fig. S1 ), whereas three formed planar arrays. The latter are described in the following sections.
Design p3Z_42 is in layer group P 3 2 1. The rigid body arrangement of the constituent b-helix trimers in the lattice was identified by Monte Carlo search over the three degrees of freedom of the lattice: the rotation of the trimer around its axis q, the lattice spacing A, and the z offset of the trimer from the lattice plane (Fig. 1A) . In the lattice identified in the Monte Carlo docking calculations, the oligomeric building blocks pack into a dense array (Fig. 1B ; the yellow and purple copies are inverted with respect to each other) stabilized by a large contact surface between adjacent copies with close complementary side-chain packing (Fig. 1C) generated in the sequence design calculations.
p3Z_42 formed large and very well ordered 2D crystals (Fig. 1D) . Most of the protein expressed in E. coli appeared to assemble in these 2D crystals, as there was very little present in the soluble fraction ( fig. S3 ). At low (16°C) expression temperatures, 2D sheets were obtained (Fig. 1D) , whereas at 37°C, where larger amounts of proteins are produced, large 2D sheets stacked mainly into thick 3D crystals. Higher magnification (Fig. 1D, inset) projection map (Fig. 1E) back-computed from the Fourier components followed the contour of the designed lattice [ Fig. 1E (right) ] (unit cell dimensions a = b = 85 Å, g = 120°). It is notable that planar crystals of such large size can grow without support within the confines (and with the many cellular obstacles) of an E. coli cell. Cellfree expression of this design yielded large, ordered 2D crystals similar to those formed in E. coli ( fig. S4A) .
Design p4Z_9 is in layer group P 4 2 1 2. Search over the three degrees of freedom of the layer group [the rotation around the internal C4 axis, the lattice spacing, and the z offset between adjacent inverted tetramers ( Fig. 1F) ] yielded the close-packed arrangement shown in Fig. 1G  (side view in fig. S2B ). The designed interface is composed of hydrophobic residues nestled between two a helices surrounded by polar residues (Fig. 1H) .
p4Z_9 formed crystals up to 1 mm in width ( Design p6_9 is built from a-helical hexamers in layer group P 6. In this case, all oligomers are in the same orientation along the z axis (perpendicular to the plane in Fig. 1K ), and hence, there are only two degrees of freedom-the rotation around the sixfold axis and the lattice spacing [ Fig. 1K (right) ]. The shape-complementary docking solution (Fig. 1L and side view fig.  S2C ) is composed of four closely associating a helices along the twofold axis of the lattice (Fig. 1M) with two interacting phenylalanines. We also tested a variant, p6_9H, which introduces a hydrogen bond network across the interface (Fig. 1M) .
Design p6_9 expressed in E. coli was found in both the supernatant and pellet ( fig. S3 ). EM investigation revealed that the pellet contained highly ordered single-layer 2D hexagonal arrays, whereas the supernatant did not. p6_9H formed even larger arrays (Fig. 1N, fig. S5 , and table S1). The 2D layers in the pellet were highly ordered with clearly evident hexagonal packing [ Fig. 1N  and 1N (inset) ]. Fourier transformation of the negatively stained arrays [ Fig. 1N (left) ] yielded peaks out to 14 Å resolution; and the backcomputed 14 Å map was again closely consistent with the design model of the array [ Fig. 1O and 1O (right)] (unit cell dimensions: a = b = 120 Å, g = 120°). Large arrays were also formed in vitro after concentration of soluble p6_9H purified from the supernatant after lysis of E. coli (fig. S4 , D and E). To achieve higher resolution than possible with negatively stained samples, we analyzed designs without stain by electron cryomicroscopy (cryo-EM). Analysis of p3Z_42 crystals by cryo-EM (Fig. 2, A and B) and electron diffraction yielded data to 3.5 Å resolution (Fig. 2C) . The vast majority of crystals diffracted to this resolution in the cryo preparations, indicating high long-range order. Movie micrographs of the resulting crystals were also collected, motion corrected, and processed in 2dx (25) to yield a projection map at 4 Å resolution in agreement with the design model (Fig. 2 , compare D and E). To our knowledge, this is the highest order observed to date for a designed macromolecular 2D lattice.
Our designed planar protein arrays form large planar 2D crystals both in vivo and in vitro that are closely consistent with the design models. Two of the three successes were with layer groups with adjacent building blocks in opposite orientations along the z axis; these have the advantages that (i) there is an additional degree of freedom (the z offset) providing more possible packing arrangements for a given oligomeric building block; (ii) the interfaces are antiparallel rather than parallel so that, in the design calculations, opposing residues can have different identities; and (iii) inaccuracies in the design calculations that result in deviation from planarity effectively cancel out. On the other hand, designed "polar" arrays with all subunits oriented in the same directionsuch as p6_9-have advantages for functionalization, as the two sides are distinct and can be addressed separately.
It is notable that, for all three designs, extensive crystalline arrays form unsupported in E. coli and from purified protein in vitro. The coherent arrays can extend up to 1 mm in length but are only 3 to 8 nM thick by design ( fig. S2 ). We anticipate that even larger and perhaps more highly ordered crystals would form on a solid support, which will be useful for future nanotechnology applications. The ability to precisely design 2D arrays at the near atomic level should enable new approaches in structural biology [fusing proteins of unknown structure to array components for electron crystallography or using these to nucleate 3D crystal growth for x-ray and MicroED (26) applications], new sensing modalities with the coupling of analyte binding domains to the arrays, and the organization of enzyme networks and lightharvesting chromophores in two dimensions.
